We studied the local optical response of semiconducting single-walled carbon nanotubes to wrapping by DNA segments using high resolution tip-enhanced near-field microscopy. Photoluminescence (PL) near-field images of single nanotubes reveal large DNA-wrapping-induced red shifts of the exciton energy that are two times higher than indicated by spatially averaging confocal microscopy. Near-field PL spectra taken along nanotubes feature two distinct PL bands resulting from DNA-wrapped and unwrapped nanotube segments. The transition between the two energy levels occurs on a length scale smaller than our spatial resolution of about 15 nm.
Semiconducting single-walled carbon nanotubes (SWNTs) as photoluminescent quasi-one-dimensional systems have attracted enormous scientific interest and have large potential for various applications in photonics and opto-and nanoelectronics. [1] [2] [3] Photoluminescence (PL) of nanotubes results from exciton recombination and occurs in the near-infrared spectral range with emission energies controlled mainly by the nanotube structure (n,m). [4] [5] [6] [7] [8] Since nanotubes consist of surface atoms only, the detected emission energy is very sensitive to the nanotube environment, making them promising candidates for sensing applications. 9 At present, the influence of the environment is described by its relative dielectric constant ε influencing exciton binding energies but also renormalizing the band gap through charge carrier screening. [10] [11] [12] [13] [14] As a result, the emission energy of nanotubes is modulated by the dielectric constant, which can be expected to be nonuniform along nanotubes, leading to nonuniform emission energies in single nanotube measurements. 8, 15, 16 The use of DNA for hybridization of carbon nanotube sidewalls has facilitated sorting nanotubes and building chemical sensors. 9, [17] [18] [19] Single-strand DNA-wrapping introduces DNA segments with finite length, while the details of the secondary DNA structure will be determined by a complex interplay between π-π stacking interactions between DNA bases and nanotube surface as well as electrostatic interactions of the phosphate backbone. [20] [21] [22] The effect of helical wrapping by the charged DNA backbone was modeled by applying a helical potential causing symmetry breaking of the nanotube electronic structure and small energetic shifts for semiconducting nanotubes (0.01 meV in water). 23, 24 It is well-known that DNA-wrapping red-shifts the PL energy depending on the nanotube chirality by several tens of meV compared to the values reported for micelleencapsulated nanotubes in aqueous solution, 7, 25, 26 which can be attributed to an increasing ε.
14 The surface coverage with DNA segments of finite length is expected to result in a nonuniform dielectric environment along the nanotubes. 25 Limited by diffraction, the PL information collected in confocal microscopy contains the optical response from a nanotube length of about 300 nm, which is far too large to clarify details of individual DNA-nanotube interactions. Tipenhanced near-field optical microscopy (TENOM) 15, 27, 28 is ideally suited to visualize and quantify DNA-induced modulations of the emission energy along single DNAnanotube hybrid systems.
As a first step, we used confocal spectroscopy to study the PL from single DNA-wrapped and unwrapped nanotubes deposited on substrates. We found a strong red shift caused by DNA-wrapping of between 7 and 17 meV depending on the nanotube chirality. In the next step, TENOM was used to resolve PL variations along DNA-wrapped (6, 5) and (6, 4) nanotubes. Here two distinct emission bands are identified and assigned to emission from DNA-wrapped segments of the nanotube at E DNA and unwrapped segments at E 0 , distinguished by energy shifts of 18 meV for (6,5) and 30 meV for (6,4)-nanotubes, respectively. We were hereby able to spatially resolve the optical response of a nanotube to wrapping by a single DNA segment for the first time. Confocal emission spectra result from spatial averaging of the two peaks and show a peak at E conf with a broadened spectral width of 40 meV. We further show that the transition between the two energetic levels occurs on a length scale smaller than our spatial resolution of 15 nm.
Our TENOM setup combines an inverted optical microscope with a sensitive shear-force feedback mechanism to position a sharp metal tip in the focus of the beam about 2 nm above the sample surface. 29 The samples studied are HiPCO nanotubes, DNA-wrapped HiPCO nanotubes spincoated on glass, and (6,5) enriched DNA-wrapped CoMoCAT SWNTs spin-coated on a freshly cleaved thin mica layer glued on a glass cover slide. CoMoCAT SWNTs were sorted by using discriminating surfactants and wrapped by DNA after sorting. Density gradient ultracentrifugation isolates the narrow distributed, chirality enriched nanotubes. 17, [30] [31] [32] The mica layer was positively charged with Mg 2+ ions by exposure to 1 M MgCl 2 to make the negatively charged DNA site of the hybrid adhere to the surface. 20 Figure 1 displays the histogram of PL emission energies from 203 HiPCO nanotubes (a), 235 DNA-wrapped HiPCO nanotubes spin-coated on glass (b), and 232 DNA-wrapped CoMoCAT nanotubes spin-coated on mica (c) obtained using confocal spectroscopy. The emission energies show a Gaussian distribution centered at energies that are assigned to different chiralities on the basis of literature data. 7 The emission energies of DNA-wrapped HiPCO nanotubes are red-shifted by 7-17 meV compared to unwrapped HiPCO nanotubes varying with nanotube chiralities as discussed in ref 25 . DNA-wrapped CoMoCAT nanotubes on mica and DNA-wrapped HiPCO nanotubes on glass exhibit the same PL energies (Figure 1b and c) while the chirality distribution differs as a result of different catalytic growth and (6,5) enrichment in the case of the CoMoCAT material. In accordance with ref 25, DNA-wrapped (6,5) nanotubes show an emission energy of E conf ) 1.249 eV, whereas unwrapped (6,5) nanotubes emit at E 0 ) 1.256 eV. Figure 2 presents the near-field PL measurement of a DNA-wrapped CoMoCAT (6,5) SWNT spin-coated on mica. Figure 2b represents the integrated intensity from 970 to 1030 nm covering the emission range of (6,5) nanotubes. 7 First, the center emission energies were obtained by fitting the spectra with a single Lorentzian line shape function shown in Figure 2c and d. Apparently, the emission energy varies between 1.259 and 1.241 eV along the nanotube, as indicated by the two red dashed lines in Figure  2c , while the average of all near-field spectra at 1.249 eV coincides with the value from confocal far-field measurements. Figure 2d shows the variation of emission energy along the nanotube. Because the highest energy of 1.259 eV corresponds well to the value observed for unwrapped nanotubes of E 0 ) 1.256 eV, we conclude that we detect parts of the nanotube that are not DNA-wrapped. In order to recover the average value observed in far-field measurements, DNA wrapping needs then to result in a larger red shift that can in fact be seen in the upper part of the nanotube with energies around 1.241 eV. Confocal measurements therefore (Figure 4c,f) .
Limited by the spatial resolution of our experiment and the finite length of the DNA segments (∼20 nm), the probed nanotube length will mostly contain both unwrapped and DNA-wrapped segments, leading to a superposition of emission bands at 1.259 and 1.241 eV, as can be seen in Figure 3e . When fitting the spectra with two Lorentzian peaks fixed at 1.259 and 1.241 eV representing unwrapped and wrapped sections, Figure 2b can be split into two PL images displaying the respective intensities of these sections ( Figure  2f and g ). The intensities of the two peaks show an anticorrelated behavior along the nanotube (Figure 2e-g ) as expected for two distinct energetic levels. Figure 3 compares the confocal and near-field PL spectra of the (6,5) nanotube in Figure 2 obtained at position 150 and 750 nm as marked by gray circles in Figure 2c . Both confocal spectra (spectra a and b) show a single broad peak following a Gaussian line shape function with full width at halfmaximum (fwhm) of 40 meV caused by the superposition of emission from both DNA-wrapped and unwrapped nanotube segments in the focus area. The near-field spectra resulting from a wrapped segment at 1.241 eV (spectrum c) and an unwrapped segment at 1.259 eV (spectrum d) are significantly sharper with fwhm of 27 and 25 meV, respectively. Spectrum e taken at a position ∼80 nm on the other hand clearly shows two Lorentzian peaks (fwhm ) 25 meV) at 1.240 and 1.259 meV, reflecting the simultaneous detection of emission from wrapped and unwrapped segments. In agreement with the energy distribution in Figure 2c , we mostly observe spectra containing two peaks. The near-field spectra detected here for DNA-wrapped (6,5) nanotubes are not only sharper than the confocal spectra of the material on substrates but are also found to be sharper than the conventional PL spectra of the material in solution of about 34 meV (data not shown). Figure 4 illustrates the gradual transition between confocal far-field and near-field spectra upon approaching the tip at two different positions along a single (6,4) nanotube. The emission energies marked with white dashed lines in Figure  4a and d are from unwrapped and wrapped segments, respectively. For tip-sample distances larger than 20 nm, the detected signal represents the confocal spectrum resulting from spatial averaging. When the tip is closer within 10 nm (c) ). The energy fluctuations occur around the confocal average E conf ) 1.249 eV that is marked by the vertical gray bar, while the maximum observed energy corresponds to the confocal average of unwrapped nanotubes E 0 ) 1.256 eV marked by the dashed line. Apparently, some nanotube segments are not wrapped by DNA. (e-g) Fit results using two Lorentzian peak functions at E 0 and at E DNA . The intensity profiles in (e) exhibit anticorrelation between the two peaks that can also be seen in the intensity images in (f) and (g).
distance, a strong signal enhancement occurs (Figure 4b and e) and the near-field spectrum resulting from the nanotube section directly underneath the tip is detected. The peak energies during approaching observed for the two different positions along the nanotube are shown in Figure 4c and f and clearly resolve the transition between confocal and nearfield dominated peak energies. Importantly, in the near-field regime within the last 5 nm, marked with red dashed lines in Figure 4 , no spectral shift occurs within the precision of the measurement of about (2 meV. Hence, the observed emission energy variations reported in our work are not affected by the presence of the metal tip and are caused only by DNA-wrapping.
In the following, we aim at extracting the transition length between red-shifted and non-shifted emissive states. To understand the origin of the different PL spectra, we illustrated the energy landscape and its modulation induced by the dielectric environment along the DNA-wrapped nanotube in Figure 3f schematically. The PL energy is lowered due to the increased dielectric constant ε associated with DNA-wrapping. Near-field scanning along the DNAwrapped nanotube yields different optical responses when the tip is at different positions marked with numbers 1, 2 and 3. At position 1, the nanotube is locally excited on top of a DNA-wrapped segment and radiative exciton recombination occurs locally leading to low emission energy in the spectrum as shown in Figure 3c and indicated by the spectrum above the tip. At position 2 the tip probes the high emission energy of the bare nanotube as shown in Figure  3d . In the case of the tip probing on top of both DNAwrapped and unwrapped parts depicted at position 3, the spectrum reveals double peaks including both low and high emission energies, as shown in Figure 3e . The simultaneous observation of two distinct emission peaks as in Figure 3e demonstrates that the transition between the two emissive energy levels occurs rapidly with respect to our spatial (a, b) and near-field (c-e) PL spectra of a DNA-wrapped CoMoCAT SWNT on mica together with Gaussian and Lorentzian fit curves for (a, b) and (c-e), respectively. Confocal and near-field spectra were detected at the locations along the nanotube in Figure 2c marked by gray circles. Both confocal spectra (a, b) feature a full width at half-maximum (fwhm) of 40 meV, while the near-field spectra (c, d) are significantly sharper with a fwhm of 27 and 25 meV, respectively. In the near-field spectrum (e) on the other hand two distinct peaks are clearly resolved with fwhm 25 meV attributed to DNA-wrapped and unwrapped sections of the nanotube. (f) Schematic illustration of the exited state energy E PL landscape (brown line) along the DNA-wrapped nanotube including two wrapped parts with an unwrapped part in between, as indicated by the nanotube below. ε denotes the dielectric constant of the local environment reflecting local DNA wrapping. For the tip probing at different positions (numbers 1, 2, 3) on the nanotube, the expected spectra are shown on top of each position. resolution, i.e., within less than 15 nm. In contrast, slower changes as indicated by the blue dashed line in Figure 3f would result in a single emission peak shifting in energy between high and low energy states.
Because nanotubes are extended one-dimensional systems, exciton mobility needs to be considered, increasing the complexity of the discussion. An exciton diffusional range of about 100 nm has been deduced from blinking traces. 33, 34 In general, exciton mobility will result in an effective energy redistribution in which locally generated mobile excitons (blue arrows in Figure 3 ) would be trapped at lower energetic levels within a diffusional radius of about 100/2 nm ) 50 nm. The ratio of emission intensities from the two states will therefore depend on the competition between exciton decay and exciton mobility, which is difficult to quantify experimentally. Moreover, the metal tip is expected to decrease the lifetime of the exciton by increasing both radiative and non-radiative decay rates, 15, 35, 36 which will reduce the effective exciton diffusional range and thereby increase the relative contribution of high energy emission. Remarkably, a single high energy peak is only observed at position 750 nm in Figure 2c -f, where the lower energy peak is absent for a long nanotube section of about 100 nm between 700-800 nm in agreement with this discussion.
Besides modifying the local dielectric environment of the nanotube, DNA-nanotube interactions could also result from charge transfer or local doping of the nanotube caused by the negatively charged DNA backbone. Charge carrier doping is predicted to reduce the PL intensity by phonon-assisted indirect exciton ionization, 37 and local quenching of PL was indeed observed for hole doping. 33 The nanotubes presented in Figure 2 and Figure 4 on the other hand showed extended and rather uniform emission intensities without signs of local quenching. We therefore have no indication for charge transfer involving the DNA backbone or the charged mica surface.
In summary, we present high resolution tip-enhanced nearfield photoluminescence microscopy along DNA-wrapped CoMoCAT nanotubes. We resolve the PL energy shift along nanotubes induced by DNA segments, which turns out to be a factor of 2 higher than the value determined from confocal measurements representing spatial averaging. Based on the simultaneous detection of PL bands from both DNAwrapped and unwrapped segments, we conclude that the transition between the two energetic levels occurs on a length scale smaller than our spatial resolution of 15 nm. Tip-sample distance dependent PL spectra confirm that the tip does not affect the emission energies within the near-field distance range. Our results demonstrate that nanotubes act as nanoscale reporters of their local dielectric environment, making them ideal candidates for sensing applications of single nanoobjects on a length scale of a few nanometers. Since wrapping by different DNA bases can be distinguished in ensemble measurements due to different PL energy shifts, 25 our results indicate that optical identification of single or few DNA bases can be achieved in the future. The difference between the two emission energies, marked by two white dashed lines, is due to DNA-wrapping. The PL intensity is strongly enhanced at small tip-sample distance and reaches the maximum when the tip is approached, marked by the arrows in (a) and (d), as shown in (b) and (e). The spectra are fit with single Lorentzian peak functions to determine the center emission energies at different tip-sample distances up to 20 nm and shown in (c) and (f) resolving the transition between confocal and near-field dominated peak energies. Within the near-field range, <5 nm guided by the red dashed line, the emission energies are constant within the experimental precision ((2 meV).
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